Much recent attention has been focused on the structure and reactivity of transition-metal superoxide complexes, among which mononuclear copper(II)-superoxide complexes are recognized as key reactive intermediates in many biological and abiological dioxygenactivation processes. So far, several types of copper(II)-superoxide complexes have been developed and their electrophilic reactivity has been explored in C-H and O-H bond activation reactions. Here we demonstrate that a mononuclear copper(II)-(end-on)superoxide complex supported by a N-[(2-pyridyl)methyl]-1,5-diazacyclooctane tridentate ligand can induce catalytic C-C bond formation reaction between carbonyl compounds (substrate) and the solvent molecule (acetone), giving β-hydroxy-ketones (aldol). Kinetic and spectroscopic studies at low temperature as well as DFT calculation studies support a nucleophilic reactivity of the superoxide species toward the carbonyl compounds, providing new insights into the reactivity of transition-metal superoxide species not only in biological oxidation reactions but also in synthetic organic chemistry.
D ioxygen activation by low-valent transition metal complexes is involved in many biological and abiological oxidation reactions, where the formation of superoxide complex is a fundamental common process. 1, 2 Such superoxide complexes can act as a direct oxidant or a precursor of other types of reactive intermediates for oxidative transformation reactions. [3] [4] [5] [6] [7] [8] [9] [10] [11] In copper case, some end-on and side-on superoxide copper(II) complexes have been characterized and their reactivity has been examined mostly in hydrogen atom abstraction (HAA) from C-H and O-H bonds of organic compounds. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] In general, copper(II)-(end-on)superoxide complexes supported by neutral tridentate or tetradentate nitrogen-based ligands exhibit electrophilic reactivity in such HAA reactions. 16, 18, 23, 24 On the other hand, McDonald and coworkers investigated the reaction of copper(II)-(end-on)superoxide complex and some carbonyl compounds by using Tolman's superoxide copper(II) complex supported by a deprotonated diamide-pyridine (dianionic) ligand. 15, 25 The superoxide complex exhibits formally nucleophilic reactivity toward the carbonyl compounds to induce the oxidative transformation reactions such as conversion of acid chlorides to carboxylic acids and Baeyer-Villiger oxidation and oxidative deformylation of aldehydes. 25 They proposed that nucleophilic addition of the distal oxygen of superoxide moiety to the carbonyl carbon of the substrates is the key step in such reactions based on the reactivity study of the series of substrates. 25 They suggested that such a nucleophilic reactivity is due to strong electron donor ability of the deprotonated dianionic supporting ligand. 25 As our continuing research efforts in copper(I)-dioxygen chemistry, we have also developed a mononuclear copper(II)-(end-on)superoxide complex 2 using an N 3 -tridentate ligand L Pye consisting of an eight-membered cyclic diamine with a 2-(2-pyridyl)ethyl sidearm (-CH 2 CH 2 Py; Py = 2-pyridyl) (Fig. 1) . 14, 23 Our superoxide complex is a unique example that induces an benzylic C-H bond hydroxylation reaction, mimicking the reactivity of copper monooxygenases such as dopamine β-monooxygenases and peptidylglycine α-hydroxylating monooxygenases. 14, 23 Detailed mechanistic studies have indicated that the superoxide complex 2 exhibits an electrophilic reactivity in the C-H bond hydroxylation reaction.
In this study, we examine the reactivity of another mononuclear (end-on)superoxide complex 1 generated by using a similar N 3 -tridentate ligand L Pym , which has a shorter pyridylmethyl sidearm (-CH 2 Py) instead of the pyridylethyl one (-CH 2 CH 2 Py) in L Pye (Fig. 1) . In this case, superoxide complex 1 exhibits completely different reactivity from that of 2 to induce catalytic C-C bond formation between carbonyl compounds (substrates) and the solvent molecule (acetone), giving β-hydroxy-ketones (aldol). Such a C-C bond formation reaction does not occur at all with superoxide complex 2. Thus, a subtle ligand modification (-CH 2 CH 2 Py to -CH 2 Py) greatly impacts the reactivity of the generated copper(II)-(end-on)superoxide complexes. Kinetic and spectroscopic studies at a low temperature (e.g. -95°C) indicate that nucleophilic addition of the superoxide species to the carbonyl carbon of the substrate is involved as an initial step of the C-C bond formation reaction. Mechanistic details are further evaluated by DFT (density functional theory) calculation studies to provide new insights into the reactivity of the transition metal superoxide species. So far, a number of copper-catalyzed aldol reactions have been reported, 26 but the role of copper has been simply considered as a Lewis acid catalyst. The present study demonstrates interesting synergistic effects of the superoxide ligand and Lewis acidic metal center for the catalytic C-C bond formation reaction, thus providing a new insight into the role of copper catalyst in synthetic organic chemistry. Tables 1  and 2 ). The copper(I) complex exhibits a distorted threecoordinate T-shape structure involving the three nitrogen atoms of the ligand, which is stabilized by an intramolecular d-π interaction between the copper(I) ion and the ipso-carbon atom of the phenyl ring of the phenethyl sidearm (Cu-C, 2.936(4) Å, see Fig. 2 and Supplementary Fig. 1 ).
Results

Synthesis
To get insights into the ligand effect on the structure of copper (II) oxidation state, a copper(II)-chloride complex of L Pym was also prepared by treating an equimolar amount of the ligand and Cu II Cl 2 in CH 3 CN (see Supplementary Methods). Single crystals of the copper(II)-chloride complex suitable for X-ray crystallographic analysis were obtained as a BF 4 -salt, [Cu II (L Pym )(Cl)] (BF 4 ), by treating the generated copper(II)-chloride complex with NaBF 4 (Supplementary Fig. 2 and Supplementary Tables 1 and 2 ). The copper(II) complex shows a square pyramidal structure, where the basal plane is occupied by the three nitrogen atoms of the ligand, N(1), N(2), and N(3), and the chloride counter anion, Cl (1) , and the axial position is weakly coordinated by another chloride anion, Cl(2), of a neighboring copper(II) complex ( Supplementary Fig. 2 ). Apparently, the square pyramidal structure of the copper(II) complex of L Pym is different from that of the copper(II) complex of L Pye , [Cu II (L Pye )(Cl)] + , which exhibits a tetrahedrally distorted four-coordinate structure as reported in our previous paper. 23 In a cyclic voltammetric (CV) measurement, the copper(I) complex of L Pym exhibits a quasi-reversible Cu I /Cu II redox couple at 0.17 V vs SCE in acetone, which is negative as compared to that of the copper(I) complex of L Pye (0.40 V, see Supplementary Fig. 3 ). The result clearly indicates that electron donating ability of L Pym is higher than that of L Pye . Copper(I)-O 2 reactivity. Treatment of the copper(I) complex [Cu I (L Pym )](BPh 4 ) (0.10 mM) with dry O 2 gas in acetone at a low temperature (-95°C) resulted in a spectral change, where an intense LMCT band at 386 nm (ε = 4430 M -1 cm -1 ) appeared together with broad bands at 558 nm (ε = 820) and 725 nm (ε = 1,160) as shown in Fig. 3 (red spectrum). 27 The spectrum is similar to that of the mononuclear copper(II)-(end-on)-superoxide complex 2 generated by using L Pye , 14, 23 indicating the formation of a similar end-on superoxide copper(II) complex 1 (Fig. 2) . In fact, the oxygenated product showed isotope-sensitive resonance Raman bands at 1064 and 464 cm -1 , which shifted to 997 cm -1 (Δν O (16) Reactivity of copper(II)-superoxide complexes. Superoxide complex 1 gradually decomposed at a higher temperature (-60°C; Supplementary Fig. 5a ). In contrast to superoxide complex 2 supported by L Pye , however, no aliphatic ligand hydroxylation took place after the reaction; 2 has been demonstrated to induce benzylic ligand hydroxylation of the phenethyl sidearm. 14 The decay of 1 obeyed first-order kinetics ( Supplementary  Fig. 5b ), and the first-order kinetics was further confirmed by the fact that rate constants (k obs ) of the decay were virtually independent on the initial concentrations of 1 (0.10-0.50 mM) as shown in Supplementary Fig. 5c . These results confirm that the decay of 1 is a uni-molecular process with respect to the copper complex, and involvement of a dinuclear copper species such as a (μ-peroxido)dicopper(II) or a bis(μ-oxido)dicopper(III) complex or possibility of disproportionation of 1 during the decay process can be ruled out.
To our surprise, detailed product analysis of the final reaction mixture (work-upped at room temperature) indicated the formation of the aldol product (4-hydroxy-4-methylpentan-2-one; (CH 3 ) 2 C(OH)CH 2 C(O)CH 3 ) derived from two molecules of acetone (solvent) in a 560% based on 1. Thus, this is a catalytic C-C bond formation reaction of the carbonyl compounds. Such an aldol-type reaction of acetone did not proceed at all in the case of superoxide complex 2. To get insights into the reaction mechanism, we then examined the reaction of 1 and a series of carbonyl compounds in acetone.
First, the reaction of 1 with benzaldehyde (3a, C 6 H 5 CHO) was examined (Fig. 4) . Treatment of 1 (0.10 mM) with an excess amount 3a (1.0 mM) in acetone caused a significant increase in the decay rate of 1 even at a low temperature (-95°C) as shown in Fig. 4a . The reaction also obeyed first-order kinetics (Fig. 4b) , and the decay rates showed the first-order dependence on the benzaldehyde concentration, giving a second-order rate constant as 2.1 ± 0.2 M -1 s -1 ( Supplementary Fig. 11 ). Then, the substituent effects of the substrate were examined using a series of psubstituted benzaldehyde derivatives (p-X-C 6 H 4 CHO; X = H: 3a, X = NO 2 : 3b, X = Br: 3c, X = Cl: 3d, X = CH 3 : 3e, and X = OCH 3 : 3f, Supplementary Figs. 6-10). As clearly seen in Fig. 4c , the second-order rate constants increase as the electronwithdrawing ability of the p-substituent increases to give a positive Hammett ρ value as 2.2 (R = 0.98). The result clearly demonstrates a nucleophilic reactivity of superoxide complex 1 toward benzaldehyde derivatives. On the other hand, superoxide complex 2 did not react with these benzaldehyde derivatives under the same experimental conditions. The nucleophilic reactivity of 1 was more prominent in the reaction with ketones. Namely, 1 did not react with acetophenone (C 6 H 5 C(O)CH 3 ), whereas it did react with 2,2,2-trifluoroacetophenone (C 6 H 5 C(O) CF 3 , 3j) to provide a similar spectral change as shown in Supplementary Fig. 12 (the second-order rate constant was 7.9 ± 0.4 M -1 s -1 ). Nucleophilic and electrophilic reactivity of a nickel (II)-superoxide was recently reported. 29 The intermediate generated in the reaction of 1 and 3a at the low temperature (blue spectrum in Fig. 4a ) may be a superoxide adduct of benzaldehyde IM1 (detailed reaction mechanism is discussed below, Fig. 6 ). In fact, almost no kinetic deuterium isotope effect was observed, when deuterated benzaldehyde-d 1 (C 6 H 5 CDO) was employed (k H /k D = 0.98 ± 0.08) ( Supplementary  Fig. 13 ). Formation of the copper(II)-alkylperoxido-type intermediate (IM1) was also supported by the resonance Raman spectrum shown in Supplementary Fig. 14 Catalytic C-C bond formation reaction. The reaction of benzaldehyde 3a was examined in a preparative scale ( Table 1) . These results unambiguously demonstrate that superoxide complex 1 is essential for the catalytic C-C bond formation reaction, and that simple Lewis acid catalysis by the copper(I/II) complexes can be ruled out.
The aldol products (4a-4f) were obtained in the reaction with the series of benzaldehyde derivatives (3a-3f, Fig. 5 ), where higher yields were obtained with the substrates having stronger electron-withdrawing p-substituent (3b-3d; X = NO 2 , Br, Cl). The results are consistent with the kinetic data shown in Fig. 4c, where the rate constant increases with increasing the electronwithdrawing ability of the p-substituents. The catalytic reaction can be adapted to other aldehydes such as cyclohexanecarbaldehyde (3g, CCA), 2-phenylpropionaldehyde (3h, 2-PPA), and 2-naphtaldehyde (3i) to give the corresponding aldol products 4g, 4h, and 4i in 75%, 76%, and 61%, respectively. Product 4h was in a little favor of the syn product (syn: anti = 58:42). In these reactions, the oxidative deformylation products were not obtained from the final reaction mixture. Ketone with electronwithdrawing group such as 2,2,2-trifluoroacetophenone (3j) also gave the corresponding aldol product 4j in a 75% yield, which is also consistent with the kinetic result ( Supplementary Fig. 12 ).
Computational study. DFT calculations have been carried out to get detailed insights into the reaction mechanism of the catalytic C-C bond formation reaction (Fig. 6) . As experimentally observed, superoxide complex 1 attacks the carbonyl carbon of benzaldehyde to give an alkylperoxido/alkoxyl radical intermediate (IM1). The DFT calculation suggests that association of an acetone molecule to the cupric ion stabilizes the intermediate IM1 by 6.0 kcal mol -1 ( Supplementary Fig. 15 ). Existence of the copper(II)-alkylperoxido substructure in IM1 was also confirmed by the resonance Raman spectra as described above (Supplementary Fig. 14) . Furthermore, the DFT results indicated that IM1 X (X = NO 2 , Cl, H, CH 3 , OCH 3 ) generated by the reaction of complex 1 with a series of p-substituted benzaldehyde derivatives (3a, 3b, 3d, 3e, and 3f) becomes more stable as the electronwithdrawing ability of the p-substituent increases ( Supplementary  Fig. 16 ). This computational result is completely consistent with the experimental results (Hammett analysis) shown in Fig. 4c .
In the next step, we found two types of transition states (TS1 S and TS1 P ) for the hydrogen migration process from the associated acetone molecule. TS1 S is a transition state, in which a proton (H + ) transfer from the acetone molecule to the benzylic oxygen O(4) takes place with an activation barrier of 7. Fig. 5 Catalytic C-C bond formation in the reaction of 1 with aldehydes or ketone. Reaction conditions: substrate (25 µmol), catalyst (2.5 µmol), in acetone (2.0 mL) under O 2 (1 atm) at 30°C for 5 h. The yields of products were determined by 1 H NMR based on substrates (carbonyl compounds) using 1,1,2,2-tetrachloroethane as an internal standard Table 1 Formation of 4-hydroxy-4-phenyl butanone (4a) in the reaction of benzaldehyde (3a) in acetone (2) bond (1.43 Å) with a radical character on C(1) (spin density: 0.81), since the latter is more stable compared to the former by 9.9 kcal mol -1 ( Fig. 6 ; Supplementary  Fig. 17 ). Then, IM2 P is converted to a superoxide complex with the enolate of acetone (IM3), which is more stable compared to IM2 P by 3.4 kcal mol -1 . We examined the proton transfer process from IM1 to IM3 kinetically at -65°C to obtain apparent kinetic deuterium isotope effect k H /k D as 2.7 by using acetone-d 6 as the solvent (k H = 5.6 × 10 -3 s -1 for acetone-h 6 and k D = 2.1 × 10 -3 s -1 for acetone-d 6 , see Supplementary Fig. 18 ). Such a relatively small KIE value (2.7) may be consistent with the proton (H + ) transfer rather than hydrogen atom (H•) transfer. An analogous mechanism involving keto-enol tautomerization has been recently reported for the manganese(III)-peroxo catalyzed deformylation of aldehydes. 30, 31 Then, C-C bond formation takes place through TS2 to provide the product 1-PC with an activation barrier of 12.8 kcal mol -1 , completing the catalytic cycle.
Discussion
In this study, we have found that the mononuclear copper(II)-(end-on)superoxide complex 1 supported by a simple tridentate ligand L Pym shows an unprecedented, to our knowledge, reactivity toward carbonyl compounds (substrate) to induce catalytic C-C bond formation with the solvent molecule (acetone), giving an β-hydroxy-ketones (aldol). Based on the detailed kinetic and DFT studies, we suggest that the superoxide complex exhibits nucleophilic reactivity toward carbonyl compounds to give the copper(II)-alkylperoxido/alkoxyl radical intermediate IM1, from which keto-enol tautomerization of the solvent molecule takes place via proton transfer through TS1 S and subsequent C-O bond homolysis giving IM3, regenerating the superoxide species. Then, the generated enol attacks the carbonyl group of substrates giving the aldol products (Fig. 6) . Such a catalytic C-C bond formation reaction did not occur at all, when the superoxide complex 2 supported by L Pye was employed instead of complex 1 of ligand L Pym . We have already reported that the copper(II) complexes of L Pye favor fourcoordinate distorted tetrahedral geometry. 23, 32 On the other hand, the copper(II) complex of L Pym favors a five-coordinate square pyramidal geometry ( Supplementary Fig. 2) . Therefore, the association of acetone molecule to the copper(II) center may occur more easily in the L Pym ligand system as compared to the L Pye ligand system ( Supplementary Fig. 15 ). This may be a reason for such a difference in the reactivity between 1 and 2. To examine this interpretation, we also performed DFT calculation on the reaction of copper(II)-superoxide complex 2 with benzaldehyde ( Supplementary Fig. 19 ). Apparently, the energy gap between 2 and IM1′ in the L Pye ligand system is larger than that between 1 and IM1 in the L Pym ligand system (16.2 kcal mol -1 for L Pye and 12.3 kcal mol -1 for L Pym , see Supplementary Fig. 19a and Fig. 6 ). Moreover, the distance between the copper(II) ion and the oxygen atom of acetone in IM1′ (L Pye ) is significantly longer (3.15 Å; Supplementary Fig. 19b ) as compared to that in IM1 (L Pym ) (2.34 Å; Supplementary Fig. 20a ). Taken together, these preliminary computational results are consistent with our interpretation regarding to the ligand effects (L Pym vs L Pye ) on the reactivity. So far, copper/O 2 systems have been frequently employed in the oxidative C-C bond formation reactions in synthetic organic chemistry. 33 In most cases, the copper ion is simply considered as an electron transfer catalyst from a reduced transition metal catalyst to O 2 , regenerating a reactive catalyst in a higher oxidation state or a simple Lewis acid catalyst to enhance the reactivity of the carbonyl compounds. 26 However, the present results suggest that there may be an alternative catalytic role of transition metal superoxide species in such C-C bond formation reactions. General procedure for the catalytic C-C bond formation reactions. In a vial (4.0 mL), a copper complex (2.5 µmol) was dissolved in acetone (2.0 mL), and substrate (25 µmol) was added to the solution under N 2 atmosphere. Then, O 2 was bubbled to the solution and an O 2 balloon (1 atm) was attached at top of the vial. After the reaction, the solvent was removed under reduced pressure, and the products were confirmed by comparing their 1 H NMR spectra to those of the authentic samples (see Supplementary Methods). The product yields were determined by 1 H NMR using 1,1,2,2-tetrachloroethane (δ 5.97) as an internal standard.
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